Recent experiments have demonstrated that spectroscopic probing of products by resonance-enhanced multiphoton ionization ͑REMPI͒ detected by ion imaging is a powerful method for measuring the product state-resolved differential cross section of bimolecular scattering reactions. [1] [2] [3] Polarization of the REMPI probe light makes imaging data sensitive to product angular momentum alignment and orientation, as is well known from imaging studies of photodissociation. Here we show that product rotational alignment can affect REMPI/ion imaging data for bimolecular collisions. This sensitivity can be exploited to obtain the state-resolved product angular momentum alignment as a function of the deflection angle. Previous measurements of molecular rotational alignment in bimolecular scattering have either been constrained to detection in the plane defined by the molecular beams 4, 5 or have averaged around the azimuthal angle of the recoil velocity vector in the collision frame. 6, 7 Imaging detection captures the entire product recoil velocity sphere with limited azimuthal averaging, enabling a more complete determination of product angular momentum alignment than is possible for experiments of lower detection dimensionality.
In the present experiment we study rotationally inelastic collisions between ground-state NO and Ar atoms,
Nitric oxide is an open-shell molecule and each rotational state of the 2 ⌸ configuration has two ⌳-doublet levels. There is also a low-lying 2 ⌸ 3/2 excited electronic state which is energetically accessible in our experiment. These properties complicate the scattering dynamics of NO, 1,2,5,8 -11 but are typical of collisions of chemically interesting, open-shell, reactive molecules. Orlikowski and Alexander have performed close-coupling calculations of collision-induced angular momentum alignment for NO-Ar collisions 8, 12 and Meyer has recently reported highly detailed REMPI/time-of-flight measurements of the collision frame A 0ϩ (2) alignment moment of the angular momentum distribution for NO collisions with He and Ar. 7, 13 Our experiments were conducted in a crossed molecular beam apparatus described elsewhere 3 and only details essential to the present experiment are given here. Two skimmed and collimated pulsed molecular beams intersected perpendicularly in the interaction region of a velocity-mapped ion imaging apparatus. The NO projectile beam contained 3-5% NO in Ar and the target beam was pure Ar. The stagnation pressure in both sources was 1-1.5 atm. As is well known, 1ϩ1 REMPI probing of rotational alignment on the NO A ←X transition is complicated by saturation effects, to avoid this difficulty we use a two-color, 1ϩ1Ј REMPI probe scheme described elsewhere. 14 The probe and ionization laser pulses propagated collinearly through the interaction region in the plane of the molecular beams and along an axis bisecting the angle between the beams. Both pulses were of approximately 3 ns duration. 15 by a repeller plate and two aperture electrodes onto a two-dimensional position sensitive detector located along a detection axis perpendicular to the plane defined by the laser and molecular beams. Imaging data were collected at two polarization geometries in which the probe pulse electric vector, ⑀ p , was either parallel ͑V͒ or perpendicular ͑H͒ to the detection axis. Figure 1͑a͒ shows an ion image of NO ϩ acquired for the V polarization geometry when probing on the NO R 21 (8.5) transition. Probing on this branch detects the AЉ ⌳-doublet state. Though the intensity distribution is dominated by the differential cross section, the probe polarization dependence of the signal can be seen by comparing the contours in Figs. 1͑b͒ and 1͑c͒. The V image is more intense than H for strongly forward scattered NO, and less intense for the backscattered NO. Though the dynamics are symmetric about the center-of-mass ͑CM͒ relative velocity vector, the ϳ10% spread in molecular beam velocities and the inverse dependence of NO ϩ detectivity upon its laboratory-frame velocity produce a noticeable top/bottom asymmetry in Figs. 1͑a͒-1͑c͒. These effects have been explained by Lorenz et al., 3 and we use their method to extract differential cross sections from the image data. Figure 2͑a͒ shows that a different differential cross section is extracted from the V and H images, if the effect of angular momentum alignment is ignored. This difference occurs mostly in the relative intensity of rainbow features and not in their angular location.
The differences between the V and H images and differential cross sections arise from angular correlations among the NO initial velocity, v NO , its final recoil velocity v NO Ј , and its final angular momentum, jЈ. To focus on probe polarization differences, we construct the scaled difference images shown in Figs. 1͑d͒ and 1͑e͒ by computing the quantity (I V ϪI H )/(I V ϩI H ) from the intensities I V and I H at corresponding pixel locations in the V and H images. This scaled difference image is insensitive to the differential cross section and to detectivity variations and therefore isolates the effect of angular momentum alignment. The amplitude for the scaled difference image is constrained to the range (Ϫ1,1), and zero amplitude indicates that probe polarization has no effect on the detected signal. The (VϪH)/(VϩH) image for jϭ8.5 in Fig. 1͑d͒ was used to quantitatively measure the v NO -v NO Ј -jЈ angular correlation.
Several schemes have been developed to parameterize the familiar -v-j product angular correlation in photodissociation studies. 16 -19 They cannot be directly extended to the v-vЈ-jЈ scattering correlation because of the reduced symmetry of the collisional excitation process. Here we use a semiclassical description to parameterize the angular correlation of jЈ in a center-of-mass helicity ͑HEL͒ frame, xЈyЈzЈ, defined so that ẑЈʈv NO Ј and the initial velocity v NO lies in the ϩxЈ half of the xЈzЈ scattering plane defined by v NO Ј and v NO . Note that the probability distribution of jЈ in a frame attached to the scattering plane does not have cylindrical symmetry about the initial velocity, v NO . 20 The deflection angle ⌰ is measured between the initial and final NO velocities, v NO and v NO Ј in Fig. 1͑a͒ . At each ⌰, we expand the angular distribution of jЈ in a basis of real spherical harmonics, as described by Hertel and Stoll. 21, 22 The coefficients of the expansion are proportional to the real multipole moments A Qp (K) . 21 Linearly polarized, single-photon probing can only measure the five Kϭ2 quadrupole alignment moments. Because all observables must be symmetric upon reflection through the xЈzЈ scattering plane, the odd parity pϭϪ1 moments are zero and there remain three detectable alignment moments, A 0ϩ (2) , A 1ϩ (2) , and A 2ϩ (2) . 21 These moments are ''differential'' quantities since they depend on the deflection angle, ⌰, and should not be confused with the integral moments 22 more commonly reported. Given the HEL frame differential alignment moments, the (VϪH)/(VϩH) difference image can be calculated by an Euler rotation into the frame of the probe light. The wellknown Fano-Macek intensity expression 23 then gives the intensity associated with each point on the recoil velocity sphere which is finally projected onto the detector plane to obtain an image. The details of the calculation will be reported in a future publication. 24 For the jЈϭ8.5 data in Fig.  1͑d͒ , the HEL frame differential alignment moments A 0ϩ (⌰) to be measured. This is in contrast to experiments that sample the scattered products at a fixed azimuthal angle, or that integrate over all azimuthal angles. In those cases only the A 0ϩ (2) (⌰) moment can be measured.
The HEL frame alignment moments are relatively constant over the range 40°Ͻ⌰Ͻ120°, indicating that the HEL frame angular momentum distribution is similar over the middle range of deflection angles. This is evident in the parametric surface plots of Fig. 3 , which provide a representation of the semiclassical angular momentum distribution consistent with the measured differential alignment moments in Fig. 2͑b͒ . For all ⌰ the parametric surface plot of the distribution has a roughly oblate ellipsoidal shape, with the shortest axis in the xЈzЈ scattering plane. One long axis of the ellipsoid is always perpendicular to the scattering plane, which is most clearly seen in the perspective of Fig. 3͑b͒ . This indicates that a ''frisbee''-type, v NO Ј ЌjЈ recoil trajectory is an important component of the dynamics at all deflection angles. This feature of the dynamics is reflected in the fact that A 2ϩ (2)HEL (⌰)Ͻ0 in Fig. 2͑b͒ . However, the perspective in Fig. 3͑a͒ shows there is also a large probability for jЈ to lie in the xЈzЈ scattering plane. The short axes of the distribution ellipsoids are tilted counter-clockwise from the v NO Ј vector by an angle 0Ͻ
Ͻ90°in Fig. 3͑a͒ , corresponding to 0ϽA 1ϩ (⌰). This moment is equivalent to that which can be measured in the TOF experiments of Meyer, and our results are qualitatively similar to his higher collision energy measurements.
Khare et al. 25 showed that for a single-encounter, classical, impulsive collision of a particle with a hard ellipsoid, the component of the ellipsoid's rotational angular momentum along the kinematic apse vector is conserved. The kinematic apse conservation model has been widely applied as a firstorder prediction of angular momentum polarization in rotationally inelastic collisions. For our system, the kinematic apse direction is given by â KA ϭ⌬v NO /͉⌬v NO ͉, and is indicated by dashed lines in Fig. 3 . Since our initial angular momentum is j NO ϭ0.5ϳ0, kinematic apse conservation indicates that the final j NO Ј distribution should have a minimal projection onto the apse direction, and inspection of Fig. 3 confirms this prediction, except for strongly forwardscattered trajectories where attractive interactions are expected to be important. Similar behavior can be inferred from close-coupling calculations of collisional alignment. 12, 25 A more quantitative comparison can be made by expressing the alignment moments in a kinematic apse ͑KA͒ frame defined similar to the HEL frame except that ẑ KA ʈâ KA . The KA moments are plotted in Fig. 2͑c͒ . Exact kinematic apse conservation predicts A 0ϩ angles smaller than 60°. Also, if A 1ϩ (2)KA (⌰)ϭ0 then the tilt angle is equal to KA in Fig. 3͑a͒ . The measured A 1ϩ (2)KA (⌰) shows that Ͻ KA for ⌰Ͻ65°and Ͼ KA for ⌰Ͼ65°.
A full account of our measurements of angular momentum alignment and orientation in rotationally inelastic NO-Ar collisions, and the variation in these angular correlations as a function of j NO Ј will be reported elsewhere, and here we mention important results that can be extracted from the present discussion of the j NO Ј ϭ8.5 data. As has been shown in ion imaging measurements of photodissociation, angular momentum alignment influences the image intensity for bimolecular collisions and should be accounted for in extracting differential cross sections. More importantly, polarized probe imaging of bimolecular collisions of unoriented reactants provides azimuthal data (Q 0 moments͒ not previously available or predicted theoretically. This new stereodynamical information will provide detailed insight into the potential-energy surface and dynamics of open-shell systems such as NO and can be generally extended to reactive collisions.
